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REGEXERATOR-DESIGN STUDY AmD ITS APPLICATION 

TO TURBINE-PROPELI;ER EmGINES 

By S. V. Manson 

SUMMARY 

A comprehensive study is  presented of regeneration as a aeans of 
improving the load-range performance of turbine-propeller a i rc raf t .  
The efficacy of regeneration f o r  turbine-propeller engines was eval- 
uated by comparing the cargo capacity of a typical airplane powered 
by a regenerated engine with the cargo capacity of an airplane powered 
by an megenerated engine. In  each case, the turbine-propeller engine 
had a compressor of optimum pressure r a t i o  for  the operating oondi t ips  
investigated and the regenerated engine had the optimum regenerator 
core among the many designed fo r  the study. 

Conditions at which the comparisons were made included: combustion 
temperatures of 1600' and 2500° F; regenerator warming eff ectivenesses 
from 0 t o  0.9; a l t i tudes of 0 and 30,000 f ee t ;  f l i gh t  speeds of 218, 
300, and 400 miles per hour; and f l i gh t  distances up t o  9000 miles. 

Results indicated that gains from regeneration are  small except 
near sea level for f l i gh t  distances of 3000 or  more m i l e s  and a t  speeds 
of about 300 m i l e s  per hour. The largest  gains computed in  t h i s  analy- 
sis are given in  the following 

warming 

ture  ness 

I (OF') I 
30,000 1600 0.50 

table : 

400 I 1000 1 - e 1 0  
218 I 6000 I 0.35 

9000 

.14 

Increase in  
cargo capac- 
i t y  due t o  
regenerati an 
(lb/tan air- 
plane gross , 

mi@*) 
36 
64 
56 
-32 
26 
28 
-7 
38 
34 
20 
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Inasmuch as duct 
analysis, actual 
those tabulated. 
those that would 

weights and duct pressure drops’were neglected in the 
regenerative gains would be somewhat smaller than 

result from regenerator cores of zero weight and zero 
The gains shown are only one-third to one-half of 

fluid pressure drops. 

INTFDMJCTION 

The use of a regenerator to exchange heat between the turbine 
eaaust gas and the relatively cool compressed air has been under con- 
sideration as a means of decreasing the fuel consumption of turbine- 
propeller engines. 
lished for stationary power plants, is yet to be proven for aircraft 
power plants because the regenerator weight m d  fluid pressure drops 
may offset the decrease in fuel-air ratio achieved by regeneration. 

The value of regeneration, which is well estab- 

The effect of counterflow-tubular regenerator cores of various 
weights on the performance of turbine-propeller engines f o r  a limited 
range of engine operating conditions is reported in reference 1, 
where it is stated that profitable reductions in fuel consumption can 
be obtained by means of regenerators. The results of reference 1, 
however, are inconclusive because the gains indicated are for the 
nonoptimum range of compressor pressure ratios from 2 to 6 at both 
sea level and 25,000 feet 8,nd because the principal results are based 
on the assumption that the regenerated and unregenerated engines 
would operate at the same compressor pressure ratio. 

In order to determine the potentialities of regenerators f o r  
turbine-propeller engines, a comprehensive investigation was con- 
ducted at the NACA Lewis laboratory including the: 

1. Determination of optimum compressor pressure ratios for both 
regenerated and unregenerated engines 

2. Design of a large number of high-performance regenerators as 
based on a detailed study of the heat-exchange effectiveness, 
weight, and fluid pressure drops of various regenerator core 
structures 

3. Determination of the cargo-carrying capacity of a typical 
aircraft equipped with regenerated and unregenerated engines 

c- 
0 
0 
DJ 

In the load-range calculations employed for determining the air- 
craft cargo capacity with and without a regenerator, flight is assumed 
to be at constant power and altitude, with assumed values of airplane 
aspect ratio and viscous-drag coefficient typical of the values 
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attained in current efficient high-speed cargo airplanes. 
of engine and regenerator weights and of regenerator pressure drops 
on the aircraft load-range performance is tcken into account in all 
cases. 

The effect 

In order to facilitate cargo-capacity determinations, coordi- 
nates are presented on which the engine weight and the specific fuel 
consumption (with or  without regenerator) can be plotted and the 
cargo capacity thereby quickly obtained for various engine-operating 
ana flight conditions and regenerator designs. 

From the results of this investigation, the regenerated and 
megenerated engines, opeyating at their respective optimum com- 
pressor pressure ratios, are compared on the basis of pounds of 
cargo that can be carried per installed engine horsepower f o r  flights 
of various distances. 
equipped with the regenerator core that was opthum among the various 
types calculated in the analysis. 

In this comparison, the regenerated engine is 

METBODS AND REGENERATOR-CORE COWIGURATIONS 

Regenerative-Cycle Analysis 

Engine specific fuel consumption and work per pound of air are 
calculated from the thermodynamic cycle of' the working fluid. The 
unregenerative cycle of the turbine-propeller engine is well known 
and is schematically shown in figure 1. Regeneration may be effected 
by introducing a heat exchanger (regenera%or) , as schemtically shown 
in figure 2. 
the turbine exhaust gas and the relatively cool compressed air; the 
themdynamic cycle then changes to that shown in figure 3. 

3y raeans of the regenerator,,heat is exchanged between 

The following range of conditions was investigated in the 
computation of the engine thermodpamic cycle: 

Altitude, ft . . . . . . . . . . . . . . . . . . . . . . .  0 and 30,000 
Flight speed, mph . . . . . . . . . . . . . . . . . .  218, 300, and 400 
Compressor pressure ratio . . . . . . . . . . . . . . . . . .  up to 50 
Combustion temperature, OF . . . . . . . . . . . . . . . .  1600 and 2500 
Propeller- to jet-thrust ratio . . . . . . . . . . .  optimum (reference 2) 

"he following constant values were used for component efficiencies: 

Dynamic pressure recovery factor . . . . . . . . . . . . . . . . .  0.75 
compressor efficiency . . . . . . . . . . . . . . . . . . . . .  0.85 Adiabatic total-to-total pressure 
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Adiabatic total-to-total pressure 
turbine efficiency . . . . . . . . . . . . . . . . . . . . . . .  0.85 

Propeller efficiency . . . . . . . . . . . . . . . . . . . . . . .  0.85 
Combustor ef'ficiency . . . . . . . . . . . . . . . . . . . . . . . .  1.0 
Exhaust-nozzle efficiency . . . . . . . . . . . . . . . . . . . . .  1.0 
Combustion-chamber pressure drop . . . . . . . . . . . . . . . . . . .  0 
Regenerator-ducting pressure drop . . . . . . . . . . . . . . . . . .  0 

For the case of a combustion temperature of 2500' F, the turbine 
was assumed to be liquid-cooled and the power output of the turbine was 
diminished by an amount equal to the required heat-dissipation rate t o  
the coolant flowing through the turbine blades. This heat-dissipation 
rate wag taken as that required to main-bain the maximum permissible 
turbine-blade temperature, as dictated by-blade-stress considerations 
(reference 3 )  Ln these calculations, reasonable current turbine-design 
practice was assumed. The heat-transfer coefficient from the gases to 
the turbine blades, which relates the temperature difference between gas 
and blade to the heat-dissipation rate, was computed by the following 
f omnula : 

All symbols.used herein are defined in appendix A. 
standard liquid-to-air radiator required to dissipate the heat to the 
atmospheric coolZng air was added to the engine weight in the over-all 
weight estimates. 

The weight of a 

The thermodynamic properties of. the working fluid were obtained 
from reference 4. 
bustion temperatures were obtained from reference 5. 

Fuel-air ratios required for the specified com- 

Engine Weights and Air Flows 

The load-range performance of an aircraft involves the engine 
weight per unit horsepower (referred to herein as "specific weight"); 
in the determination of specjfic weight, the weight of engine and 
propeller per unit engine frontal area, the air flow per unit engine 
frontal area, and the engine work per pound of air must be known. 
engine work per pound of air was obtained from the cycle analysis. 
The weight of engine and propeller per unit englne frontal area, as a 
function principally of compressor pressure ratio and combustion tem- 
perature, was calculated by a method developed in an unpublished 

The 
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analysis by the NACA Lewis laboratory. 
within 10 percent of the weights of a l l  the existing compressor-turbine 
engines . 

The predicted weigl%ts checked 

The a i r  flow was assumed t o  be 3 pounds per second per square 
foot of engine f'rontal area at sea level. 
taken proportional t o  the ambient-air density, thus resul t ing i n  an 
air flow per square foot of engine f ronta l  area of 1.3 pounds per 
second at  an a l t i t ude  of 30,000 feet. 

The air flow w a s  then 

I-- 

3 
3 

N a 

For higher air flows per unit engine frontal area, the  basic 
engine weight would remain fixed f o r  a given f ronta l  area, whereas 
the regenerator weight would increase i n  proportion t o  the  air flow. 
Hence with increased a i r  flow, the r a t i o  of the regenerator-to-engine 
weight would increase so tha t  the gains due t o  regeneration would 
decrease. 
t o  be somewhat greater than would be attained with engines having 
higher air  flows. 

The regenerator gains evaluated herein can thus be expected 

Load-Range Performance 

A basis f o r  cmparison of regenerated and unregenerated engines 

The cargo capacity per instal led horse- 
i s  the respective cargo capacities per instal led horsepqwer in  f l i gh t s  
under ident ical  conditions, 
power is  given simply as the difference between the weight assignable 
t o  engine (including propeller) plus cargo per instal led horsepower. and 
the  engine specific weight. The w e i g h t  assignable t o  engine plus cargo 
per installed horsepower was detemined from load-range performance 
calculations made f o r  various f l i g h t  speeds, alt i tudes,  distances, and 
engine specific fue l  consumptions. The calculations were based on the 
load-range equations presented i n  appendix B f o r  a f l i g h t  plan of con- 
stant horsepower and constant a l t i t ude .  
calculation are ty-pical of current eff ic ient  cargo airplanes and 
included the following: 

Assumptions f o r  the load-range 

Structure weight/gross w e i g h t  . . . . . . . . . . . . . . . . . . .  0.4 
Fuel-tank weight, percent of gross fue l  load . . . . . . . . . . . .  10 
Effective aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . .  10 
Viscous-drag coefficient . . . . . . . . . . . . . . . . . . . .  0.025 
Wing loading, lb/sq f t  . . . . . . . . . . . . . . . . . . . . . . .  70 

The weights assignable t o  engine plus cargo were found from the 
load-range calculations t o  be very nearly l inear  with specific fue l  
consumption for the f l igh t  speeds, the alt i tudes,  and the f l i g h t  
distances investigated f o r  t h i s  analysis. 
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In  the determination of cargo capacity f o r  the regenerated engine, 
the engine specific weight included the w e i g h t  of the regenerator; the 
effect  of regeneration on the weight assignable t o  engine plus cargo 
was introduced through i ts  effect  on the engine specific fue l  con- 
sumption, as given from. the cycle and regenerator-performance 
calculations. 

Regenerator-Core Configurations 
i) 

In order t o  determine the actual gains in  cargo capacity achieved 
by regeneration, the actual regenerator weights and f lu id  pressure 
drops must be known. The following types of regenerator core were 
investigated : 

(a) Crossflow plate and interrupted f i n  
(b) Crossflow plate  and uninterrupted f i n  
(0) Crossflow tubular  
(a) Counterflow tubular 

The cores were designed on a per-pound-of-air-per-second basis and the 
core performance so obtained was independent of the engine frontal  area 
o r  air flow. 

Crossflow-plate and interrupted-fin eore. - The configuration of 
the regenerator with the crossflow-plate and interrupted-fin core and 
the de ta i l s  of the core are presented i n  figure 4. The regenerator is 
assumed t o  be annular i n  shape. 
axially through unfinned smooth passages and traverses the regenerator 
length twice. 
straight-through flow. 
interrupted i n  the direction of the gas f l o w  and staggered in  succes- 
sive rows. 

The air e ~ r n t h e  compressor f lows  

The gases f r o m  the turbine f low radial ly  outward, i n  
The gas passages have s t r i p  fins tha t  are 

In the design calculations, the core inside and outside diameters 
were kept constant at 32 inches and 44 inches, respectively (r and H 
of f i g .  4(a) are  16 in. and 6 in., respectively) f o r  convenient ins ta l -  
la t ion on an existing turbine-propeller engine. A s  subsequently shown, 
however, substantial changes i n  core diameter c&n be made in  a m e r  
tha t  produces practically no effect  on f i n a l  perfomnance. In the 
design calculation, plate spacings in the gas and air passages, b 
a, f i n  transverse spacing s, f i n  length h, w a l l  thickness of the 
basic heat-transfer metal 
were varied. With fixed-plate spacings b and a, the t o t a l  number 
of plates 
regenerator within the specified core diameter. 

and 

h, and, in  some cases, fin thickness 6 

N was determined by the requirement of f i t t i n g  the 
For each se t  of 
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values fo r  core pmameters and preassigned regenerator effectivenesses, 
the length L and the resul tant  pressure drops were computed. Ranges 
of core parameters investigated fo r  these regenerators, as w e l l  as f o r  
the other regenerator-core types, are presented i n  table  I. 

Crossflow-plate and uninterrupted-fin core. - The assumed configu- 
ra t ion of the regenerator with the crossflow-plate and unintemupted- 
f i n  core is shown i n  figure 5. 
with uninterrupted f i n s  i n  both the a i r  and gas passages. 
the gases f l a w  s t ra ight  through the uninterrupted finned passages, as 
shown in  figure 5. 

The regenerator is  annular in shape 
The air  and 

In the design calculations, the  regenerator dimensions were 
calculated by the following procedure: For a ser ies  of preassigned 
gas pressure drops and core inside r ad i i  r, the dinensions L and 
H were computed t o  give a warming effectiveness of 0.5; tlie resu l t -  
m t  air pressure drops were then computed. 
both the air  and gas passages w a s  kept constant a t  1/4 inch. 
the core inside radius was varied, the number of passages 
varied t o  f i l l  the available space on the core inner circumference. 
The f i n  spacing was kept constant a t  1/4 inch and f i n  thS_cknesses of 
0.005 and 0.006 inch and a plate  thickness of 0.01 inch were 
considered. 

The plate  spacing f o r  

N was  
When 

Y 

Crossflow-tubular core. - A schematic diagram of the crossfhw- 
tubular regenerator, which is assumed t o  be annular i n  shape, is  
shown in figure 6. The tubes a re  located a t  the vertices of equi- 
l a t e ra l  tr iangles;  the gas flows through the tubes and t’ne a i r  flows 
across the tubes. 

In the design calculations, the core outside diameter was 
assumed t o  be 37 inches and the core inside dim.eter, the tube out- 
side diameter, and the r a t i o  of pitch-to-tube diameter were varied 
independently. 
regenerator length and resultant pressure drops were computed f o r  
prescribed warming effectivenesses of 0.3 and 0.5. 

For each set of values of the core parameters, 

Counterflow-tubular core. - A schematic diagram of the counterflow- 
tubular regenerator is Shown i n  figure 7. The counterflow-tubular 
regenerators were assumed t o  be ordinary tube bundles.with the gas 
flowing through the tubes and the air along the outside of the tubes. 

I n  the design calculations, the f ronta l  area of the basic core 
was varied t o  provide a range of the sum of air and gas pressure drop 
r a t io s  (AP/?)x from 0.005 t o  0.10 f o r  preassigned warming effective- 
nesses of 0.5 and 0.75. Tne only res t r ic t lo=  placed on the coye w a s  
that the f b w  areas i n  tbe air and gas passages be equal. Tube inside 
diameters of 114 and 3/” o inch w3re considered. 
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Regenerator-Design Relations 

The heat-transfer and pressme-drop formulaB used in the 
regenerator-design calculations are presented in appendix C. 
occurrence of pressure drops in the regenerator'decreases the engine 
power asld hence increases the specific fue l  consmption and specific 
wefght of the regenerated engine t o  values greater than those result- 
ing with regenerators of zero weight and pressure drop. 

The 

E 
C 
C 

!The effects  of f l u i d  pressure drops on engine specific power and 
fue l  consumption were coaputed from the cycle analysis. 
weights were calculated by considering a l l  the metal present; a metal 
density of 0.301 pound per cubic b c h  w a s  used. The regenerator shell ,  
i n  every case, was assmed t o  weigh 35 percent of the core. The weight 
of ducting t o  and fromthe regenerators was not taken in to  account. 
In a l l  caaes, the regenerators for  sea level and 30,000 fee t  were 
designed separately for  operation a t  the respective al t i tudes.  

The core 

l3ESULTS AND DISClTSSION 

Cycle Analysis 

The condition for  good load-range performance is a combination of 

Values of these performance param- 
low specific fue l  consumption, low specific engine weight, and high 
power per pound of air per second. 
e ters  for  turbine-propeller engines a t  sea level and 30,000 feet ,  for  
combustion temperatures of 1600° and 2500° F, and for  a f l i gh t  speed of 
300 miles per hour are shown i n  figure 8 for a range of compressor 
pressure r a t i o s  and regenerator warming effectivenesses, assuming zero 
regenerator pressure drops.- A l s o  shown are  calculated specific weights 
of megenerated engines. 

Ln figure 9, the effects  of regenerator pressure drops on engine 
The effects  of power and thrust  specific fue l  consumption are shown. 

pressure drop a t  other operating conditions are similar t o  those 
indicated in  figure 9. 

The following conclusions are indicated from figures 8 and 9: 

1. For the turbine-propeller engine, the power loss inherent i n  
ideal regeneration (regenerators of zero weight and zero f l u i d  pres- 
sure drops) is small. 

2. For a11 regenerator warming effectivenesses between 0.3 and 
0.75, the campressor pressure r a t i o s  that give approxlnur-tely minimum 
specifio fue l  consumption and maximum power per pound of a i r  per 
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Altitude 
( f t )  

0 

30,000 
30,000 
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Compressor 
pressure 
r a t i o  

14 
20 
46 

second with low basic engine weights are as follows: 

9 

PI 
0 
0 
PJ 

pressure 
r a t i o  1 30,O; 1 

2500 30,000 

The regenerator cores were designed for  t h i s  analysis at  the 
pressure r a t io s  presented i n  the prece 

3. Regeneration should not be considered at compressor pres- 
sure ra t ios  as high as the following: 

1600 
1600 
2500 

4. The r a t i o  AP/P is a convenient measure of loss of engine 
perfomatulce due t o  pressure drop. With each value of 
def ini te  power loss and a def ini te  increase i n  specific fue l  con- 
sumption are  associated, irrespective of whether AP/P i s  f o r  air, 
f o r  gas, or f o r  the summation of both. 
drops cause equal losses in  engine performance when the r a t i o  of 
these pressure drops equals the r a t i o  of the respective inlet  
pressures 

AP/P, a 

The a i r m d  the gas pressure 

Ideal Gains from. Regeneration 

The ideal  gain from regeneration is defined as the increase i n  
cargo capacity result ing from hypothetical regenerators of zero 
weight m d  pressure drop. This value is the upper l i m i t  on the gain 
tha t  may be hoped f o r  from regeneration. 
gains are  obtainable from figure 10, which combines in  a single plot 
the cycle-analysis resu l t s  (presented i n  f ig .  8) with the resu l t s  of 
the load-range analysis. ’ In  figure 10, the specific weights assignable 
t o  engine plus cargo, a8 given by the load-range analysis, are plotted 

The i d e a l  regenerative 
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as dashed lines against engine thrust  specific fue l  consumptions f o r  
various f l i g h t  distances. The dashed-line plot i n  figure 10 can thus 
be considered as a load-range coordinate plot  on which the  specific 
weight and fue l  consumption of an engine, as given by the cycle maly- 
sis, can be spotted fo r  any specified operating condition. The cargo 
capacity per engine thrust  power is  then the difference between the 
specific weight assignable t o  engine plus cargo and the engine specific 
w e i g h t  for the given engine specific fue l  consumption and m y  assigned 
f l i g h t  distance. 

On the load-rage coordinate plot of figure 10, the engine 
specific weight and thrust  specific fuel consumption f o r  various 
compressor pressure ra t ios  and waming effectivenesses of the ideal 
regenerator are presented. For each regenerator w a r n i n g  ef'fective- 
ness, solid curves are  drawn Joinihg the points f o r  the various com- 
pressor pressure rat ios .  The effectiveness values covered in f ig-  
ure 10 are 0, 0.30, 0.50, 0.75, and 0.90; the values of compressor 
pressure r a t i o  are  indicated on the solid curves. 

Presentation of the cycle-analysis and weight-estimate resu l t s  
on load-range coordinate plots  (as i n  fig. . lO) enables quick evalua- 
t i on  of cargo capacity and optimum compressor pressure r a t i o  f o r  any 
f l i g h t  distance and regenerator warming effectiveness. Such an eval- 
uation w a s  made f o r  the case of ideal regeneration f o r  f l i g h t  speeds 
of 218, 300, and 400 m i l e s  per hour, combustion temperatures of 1600° 
and 2500° F, a l t i tudes of sea level  and 30,OOC feet, and f l i g h t  
distances up t o  9000 m i l e s .  Soae of the r e su l t s  of t h i s  evaluation 
are,presested in  figure 11, from which the effects  of variations in  
warning effectiveness, combustion temperature, f l i g h t  speed, and 
f l i g h t  distance on the gains i n  cargo capacity result ing Worn i d e a l  
regeneration can be obtained. 

N 
0 
C 
4 

From figures 10 m d  11 and from additional resu l t s  of the analy- 
sis, the following trends are tabulated: 
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Cargo 
capacity 
(lb/thp) 

Increases 
Increases 
Increases 
Decreases 
Decreases 

Increase in  
' Ideal gain 
obtainable from 
regeneration 

(lb/thP) 
Increases 
Decreases 
Decreases 
Decreases 
Increases 

Regenerator effectiveness 
Combustion temperature 
Altitude 
Flight speed 
Range 

Altitude 
(ft 1 

0 
30,000 
30,000 

11 

I 

T 
(OF) 
1600 
1600 
2500 

Result 
Opt;imum compressor 
pressure r a t i o  

Decreases 
Increases 
Increases 
Decreases sl ightly 
Increases 

The optimum compressor pressure r a t io s  on the basis of airplane 
load-range perfomaance a t  a regenerator warming effectiveness of 0.50 
a re  as follows: 

Optimum compressor 
pressure r a t i o  

6 

20 
8.5 

For a conbustion temperature of 1600° F, the tabulated compressor 
pressure r a t io s  f o r  a regenerator warming effectiveness of 0.50 a re  
the same as those estimated fromthe cycle analysis; for a combustion 
temperature of 2500O F, the t rue optimum. value (20) is s l igh t ly  
different from the value estimated from the cycle analysts (22). 

Actual Gains from Regeneration 

The ideal  gains from regeneration, shown i n  figure 11, are the 
upper l i m i t  on the gains tha t  may be hoped f o r  from regeneration. 
Actual regenerative gains w i l l  always be smaller because of the 
added weight of the regenerator and the  f lu id  pressure drops in  the 
regenerator, which increase engine specific weight and fue l  con- 
sumption. Accurate evaluation of the gains thus requires considera- 
t ion  of the design of the regenerator core. 

Many regenerator designs were made u t i l i z ing  the core types 
shown i n  figures 4 t o  7. The range of core dimensions investigated 
f o r  each core type are given in  table I. 
the specific weight and the specific fue l  consumption of tne regen- 
erative engine operating at  the optimum compressor pressure r a t i o  

For each regenerator design, 
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were calculated. 
designs for each of the core types investigated were selected. 

On the basis of these calculations, the optimum 

On the load-range coordinate plot of figure 12, the optbum 
desips of each of the three core types investigated are compared 
at sea level for a regenerator wamning effectiveness of 0.50. 
point along each of the solid curves represents a definite core 
geometry. 
were too high for aircraft regenerative application and hence, the 
final results for this core are not presented herein. 

Any 

The crossflow-tubular core resulted in pawer losses that 

Curve aa of figure 12 is for a series of designs of crossflow- 
The series resulted plate and interrupted-fin regenerators (fig. 4). 

from a variation of fin transverse spacing from 0.125 to 0.500 inch, 
f o r  ez fixed air-passage plate spacing of 0.1875 inch, a gas-passage 
plate spacing of 0.132 inch, and a fin thickness of 0.005 inch. 
Curve bb is for a set of crossflow-plate an& uninterrupted-fin 
regenerators (fig. 5). This set consists of the optimum cores from 
several series; the members of any one series were so close to each 
other in performance that only the optimum eore of each series was 
plotted. Curve cc is for a series of designs of counterflow-tubular 
regenerators having tubes of 1/4-inch inside diameter (fig. 7). 
series resulted from variation of the over-all value of Al?/P, a 
procedure equivalent to a wide variation of core outside diameter for 
a fixed inside diameter of zero, 

The 

The curves show that the three core types differ little in per- 
formance, hence, any conclusions drawn concerning the effects of the 
0p.f;bu.m crossflow-plate and interrupted-fin cores will also be valid 
for the other core types investigated. The slight superiority of the 
crossflow-plate and interrupted-fin cores implies that the gains from 
the optimum cores of this type will be a good measure of the gains 
derivable from regeneration. The characteristics of the crossflow- 
plate and interrupted-fin core are discussed in detail in appendix D. 

N 
0 
0 
-.I 

In order to determine the actual gains from regeneration, the 
following designs were selected from among the crossflow-plate and 
interrupted-fin cores, which are shown in figure 12 to be the best 
of the cores investigated: 
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0 

30,000 

13 

0.50 1600 0.1875 

0.30 1600 0.375 
e50 * 250 
.75 .125 

0.30 2500 0.250 
e 50 .250 
.75 .125 

c 

0.125 - .500 

0.125 - 1.00 
-125 - -500 
-075 - S O 0  

0.125 - ,750 
,125 - a600 
.125 - .500 

0.005 

0.005 

0.00s 

0.132 

0.310 . 252 
.195 
0.435 . 252 

.195 

(OF) 

1600 

1600 

2500 

qR 

0.50 

0.50 

0.50 

In figure 13, the performance of these cores is presented for a 
flight speed of 300 miles per how at 30,000 feet. A straight line 
parallel to the line of desired $light distance and tangent to the 
curve of specific weight of the engines with a core series installed 
determines the optbum core and maximum cargo capacity for the 
desired flight distance. 

A plot such as that in figure 13 gives only cargo capacity; the 
gain from regeneration as compared with operation at the optimum 
Gompressor pressure ratio for the unregenerated engine must be 
computed by comparison with the cargo capacities calculated for the 
unregenerated engines operating at their optimum compressor pressure 
ratios. Gains for flight speeds of 218, 300, and 400 miles per hour, 
for several flight ranges, and for combustion temperatures of 1600° 
and 2500° F at sea level and 30,000 feet have been evaluated for the 
begt-designed cores m d  are presented in table 11. The following 
table presents the largest gains of those listed in table 11. 
dimensions and the weights of the cores that gave the indicated 
regenerative gains are presented in appendix D. 

The 

R 
(miles) vO 

:mPh) 

218 3000 
218 5000 
300 3000 
400 1000 

Altitude 
(ft 1 

0 

Increase in cargc 
capacity due to 
regeneration 

(lb/thP) 

0.51 . 90 
.38 

-.lo 
30,000 218 

300 
400 

218 
300 
400 

6000 0.35 
6000 .32 
3000 -.OS 

9000 0.49 
8000 .38 
5000 .14 

Increase in cargo 
zapacity due to 
regeneration 
(lb/ton airplane 
gross weight) 

36 
64 
56 

-32 

26 
28 
-7 
38 
34 
20 
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Altitude Combustion 
(ft) temperature 

0 1600 
30,000 1600 

(OF> 

30,000 2500 

The following conclusions a re  indicated from table 11: 

1. Maximum gain from regeneration is  obtained at  a regenerator 
warming effectiveness of about 0.5. 
are too heavy f o r  effectivenesses of 0.75.) 

(Cores of the type investigated 

O p t h m  co?npressor 
pressure r a t i o  

6 
8.5 

20 

2, For a fixed combustion temperature and regensratm-core 
type, tine gain from regeneration increases as flight distance 
increases and as al t i tude and f l i gh t  speed decrease. 

t 

3. The main conclusion from table I1 is tha t  unless flight is 
a t  low speed (about 300 rnph) and. extends f o r  3000 or  more miles at  
a l t i tudes near sea level, the gains from regeneration a re  small. The 
actual gains a re  about one-third t o  one-half of the gains computed 
f o r  regenerators of zero weight and pressure drop and would be even 
smaller if weight and pressure drops in-ffroduced by ducts leading t o  
and from the regenerator were considered. 
drops were neglected in  t h i s  analysis.) 

(Duct weights and pressure 

The following r e su l t s  were obtained from an engine-weight and 
cycle analysis f o r  compressor pressure r a t i o s  up t o  50, combustion 
temperatures of 1600° and. 25000 F, a l t i tudes  of 0 and 30,000 feet ,  
and regenerator warming effectivenesses up t o  0.90; from a solutior, 
of the load-range equation for f l i gh t  speeds of 218, 300, and 400 
miles per hour and. f o r  f l i g h t  distances up t o  9000 miles; and f r o m  
ext’ensive design calculations f o r  regenerator cores of four  types: 

1. The m a x i m u m  gain from regeneration f o r  the core types investi- 

The optimum compressor pressure r a t i o s  on the basis of airplane 
gated was obtained w i t h  a regenerator warming effectiveness of about 
0.5. 
load-range performance a t  th-ls warming effectiveness were: 
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2. The gains from regeneration were small except f o r  f l i g h t s  of 
3000 miles or more a t  a l t i tudes  near sea level a t  f l ight speeds of 
about 300 miles per hour. 
gains computed i n  the analysis: 

The following table presents the largest 

A l t i  tudt 
(2%) 

0 

30 9 000 

Combus - 
t ion  
tempera I 
ture 
(9) 

1600 

1600 

2500 

Regenerator 
warming 
effective - 
ness 

0.50 

0.50 

0.50 

218 
218 
300 
400 

218 
300 
400 

218 
300 
400 

Flight  
d i s -  
tance 
(miles: 

3000 
5000 
3000 
1000 

6000 
6000 

.3000 

9000 
8000 
5000 

Increase in 
cargo capac- 
i t y  due t o  
regeneration 

( W t h P  1 

0.51 
90 

w38 
-.lo 

0.35 
32 

-.OS 

0.49 
38 
14 

Increase i n  
cargo capac- 
S t y  due t o  
regeneration 
(lb/ton air- 
plane gross 

weight) 

36 
64 
56 - 32 

26 
28 
-7 

38 
34 
20 

. The gains tabulated w e r e  one-third t o  one-half of those calcu- 
la ted f o r  regenerators of zero w e i g h t  and pressure drop and would 
have been smller if weights and pressure droge introduced by ducts 
leading t o  and from the regenerators had been considered. 

Lewis Flight Propulsion Laboratory, 
National Advisory Conmtittee f o r  Aeronautics, 

Cleveland, Ohio, January 26, 1950. 
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cv 

D 
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thp 

AsPEM)IX A 

SYMBOLS 

Load-Range Designations 

The following symbols are  used i n  the load-range equations: 

effective aspect r a t i o  ( in  t h i s  analysis, A=10) 

tankage factor  

viscous drag coefficient ( in  t h i s  analysis, C~0.025) 

drag, lb 

l if t ,  l b  

f l igh t  distance, miles 

wing  surface, sq ft 

thrust  horsepower 

tsfc 

Y airplane speed, f t /sec 

thrust  specific fuel  consumption, lb/thp-hr 

W weight, lb 

8 parameter, t h p / ( F )  9 (ft/sec) 3 

P mass density of ambient air, slugs/cu f t  

Subscripts: 

C cargo 

e engine 

f fue l  

S structure 

0 i n i t i a l  
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Heat-Transfer, Pressure-Drop, and Core-Vasiable 

Designations 

The following symbols m e  used in the heat-transfer and pressure- 
drop equations and in the designation of core variables: 

a 

b 

P C 

D 

d 

f 

G 

63 

H 

h 

k 

L 

N 

P 

AP 

e?z 
Pr 

P 

plate spacing in air passage, in. (figs. 4 and ' s )  

plate spacing in gas passage, in. (figs. 4 and 5) 

specific heat of fluid at constant pressure, Btu/(lb)(?) 

outside diameter of tube, ft 

hydraulio diameter of flow passage, ft 

frlction factor 

weight flow per unit area, lb/(sec)(sq ft) 

acceleration of gravity, ft/sec2 

width of core, in. (figs. 4 to 6) 

heat-transfer coefficient, Btu/(sec) (sq ft) (OF) 

thermal conductivity, Btu/(sec) (ft) (OF) 

length of f l o w  passage, ft or in., a8 specified (figs. 4 to 6 )  

number of passages of width a (or of width b) or number of plates 

pressure of fluid at entrance to regenerator, lb/sq ft absolute 

pressure drop of fluid, lb/sq ft 

(figs. 4 and 5) 

s m  of air and gas pressure-drop ratios, (AP/P)~ + (LXP/P)~ 

?randtl number, c p/k 

center-to-center spacing (pitch) of tubes in crossflow-tubular 
P 

regenerator, ft (fig. 6 )  
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r 

S 

S 

T 

tW 

u 
w 

A 

P 

P 

(T 

core inside radius (figs.  4 t o  6) 

heat-transfer swf'ace, sq ft 

transverse spacing between fins,  in. (figs. 4 and 5) 

conbustion temperature, % 

wall thickness of basic heat-transfer metal, in. 

over-all heat-transfer coefficient, Btu/(sec) (eq ft) (OF) 

f lu id  weight f l aw,  lb/sec 

regenerator weight, lb/( lb  air/sec) 

thickness of fin netal ,  in. (figs. 4 and 5) 

f i n  effectiveness 

regenerator warming effectiveness 

function of regenerator w m i n g  effectiveness, f l u id  flows, 
and f l u i d  specific he&s 

length of s t r i p  f i n  i n  direction of f l u i d  f l a w ,  f t  

absolute f lu id  visccsity, lb/( sec) ( f t )  

weight density, lb/cu f t  

wall-to-wall spacing of tubes in crossflow-tubular 
regenerator, in. (fig.  6) 

\k 

Subscripts: 

a air  

av average 

mean p e r h e t e r  of turbine blade, f t  

K 
C 
C 

en entrance 

ex exit 

f f i n  



ElACA TI! 2254 

% %a8 

max maxirawn 

8 s t a t i c  

t t o t a l  

W basic wall 

19 
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LOAD-RANGE PIQU?O@WCB EQUATIONS 

The weight assignable t o  engine and cargo for  preassigned 
engine-regenerator combination, in i t ia l  f l i g h t  speed, a l t i tude ,  and 
f l i gh t  distance is calculated as follows f o r  a f l i g h t  plan of con- 
seat  horsepower and alt i tude: 

wg = (we+wC) + (ws+awf) 

thp thp 

From the definit ion of L/D for level flight, 

In t h i s  analysis, Ws/Wg 
f ue l  tanks is  taken as 0.lWf so that a 
r a t i o  A is assumed t o  be 10; the viscous-drag coefficient C, 
i s  taken as 0.025; and the wing loading Wg/S 
These values are typical of current e f f ic ien t  cargo planes. 

i e  assumed t o  be 0.4 and the weight of the 
is 1.1; the effective aspect 

is  constant a t  70. 

The following formulas developed in an analysis by the  Lewis 
laboratory are  used t o  calculate Wf/W,: 
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For t h i s  f1igh.t plan, the velocity increases as time of f l i g h t  
increases; the f l i g h t  speeds presented herein are  the i n i t i a l  values. 
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Heat-Transfer Relations 

The over-all conductance US required to produce a desired 
regenerator warming effectiveness qR for assigned fluid flows m d  

known specific heats is functionally expressed by 

This relation is given in reference 6 f o r  single-pass crossflow heat 
exchangers in which neither fluid is mixed. For a single-pass cross- 
flow heat exchanger in which one of the fluids is mixed, this relation, 
which is obtained by a series solution of the basic differential 
equations by a method similar to that of reference 6, is plotted in 
figure 14; this relation was used in the design calculations of t'ne 
crossflow-tubular regenerator core shown in figure 6. 

The value of US is also expressed by the equation 

The right member of this equation involves the dimensions of the heat- 
exchanger core, and when equated to the numerical value of US 
obtained from the functional relation @, a design equation is 
obtained. 

The formula for the heat-transfer coefficient in turbulent 
flow through a smooth passage is the standard Nusselt correlation 

k 

The formula (from reference 7) mployed for the heat-transfer 
coeffioient in flow through a passage having interrupted-strip fins 
is 
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For the radial-crossflow-tubular regenerator, the heat-transfer 
coefficient of the shell  side is calculated by the heat-transfer 
correlation for  turbulent f l o w  acrogs banks of tubes (reference 8, 
p. 229, equation 8). 

For the counterflow-tubular regenerators, the standard Nusselt 
correlation f o r  flow through smooth tubes is used. 

The effective heat-transfer surface in  an unfinned passage is 
the actual w a l l  surface. 
is the sum of the w a l l  surface and the fraction of the f i n  surface 
tha t  is effective for  heat transfer: 

T”e effective surface i n  a finned passage 

The formula f o r  qf 
page 232, of reference 8. 

is given by the right member of equation (loa), 

Pressure Relations 

The re la t ion employed t o  calculate the total-pressure drop is 
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By substitutzng in the preceding equation the following equivalent 
of APs 

the following re la t ion  is obtained: 

The expressions f o r  
banks of staggered tubes are available i n  reference 8, page 119, 
equation (sa), and page 126, equation (19a), respectively. 
formula f o r  f 
reference 7. The f r i c t ion  factor  fo r  interrupted f i n s  shows a 
transi t ion a t  Gd/p of 3500; hence two equations are used. For 
Gd/uS 3500 

f f o r  turbulent f l o w  through tubee and acroBs 

The 
i n  a passage with interrupted f i n s  is obtained from 

. .  
-0.67 

f =-(:) f o r  h / d I  3.5 

which , bec m e  8 

-0.67 
for '  h/d>3.5 11.8 

3.5 

For Gd/p > 3500 

-0.24 
f o r  h/d< 3.5 0.38 

which becoms s 

-0.24 
f o r  h / d  > 3.5 f =-(:) 0 38 

3.5 
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Specific 
w t .  of 
engine 
plus 
core 
( W t h P )  

1.85 
1.77 

25 

t s f c  
( lb /  

thp-hr) 

0.525 
.534 

APPENDIX D 

ANALYSIS OF CROSSFLOW-PLATE AND lXDZRUP!CED-FIN CORE 
I 
r 
r 
I Effect of core diameters. - The following table  shuws the most 

masked effects calculated f o r  substantial variations in  core 
diameters on the load-range performance of a regenerated engine. 
hasmuch as the length of the fins does not substantially affect the 
resu l t s  due t o  diameter variations, the conclusions should be valid 
f o r  plate- an$ fin-type cores independent of fin i h t e m p t i o n .  

vO 
(mph) 

300 

300 

300 

Altitude 
(ft 1 

0 

R 
(Files 

3000 

3000 

6000 30,000 

Th€ 

Core type 

Crossflaw 
plate  and 
uninter- 
rupted 
fins 

crossflow 
plate and 
inter- 
rupted 
f ins  

3.5c 

- 
3.5c 

- 

Core 
O.D. 
(in*: 

43.0 
43 .4 

40.6 
48.2 

44 
37 

21.4 
15.8 

15.8 

- 
32 
26.4 

data presented in  the preceding table show that: For a 

c=-go 

c i ty  
Ob/ 
thP 1 

0.60 
58 

0.58 
-51 

1.94 
1.95 

constant core outside diameter, a 20- t o  30-percent variation in 
core inside diameter produces a negligible effect on cargo capacity; 
f o r  a c o n s t a t  core inside diameter, a 15- t o  20-percent vmiation 
in core outside diameter produces a variation in  cargo capacity (a t  
the conditions indicated) of less than 0.1 pound per th rus t  
horsepower; and the performance obtained w i t h  one set of diameters 
can be closely reproduced with a substantially different-set -of-- 

- 

diameters. Hence, core diameters are not o r i t i c a l  in core design 
and the optimum core obtained with one reasonably eeleoted s e t  of 
diameters K i l l  not d i f f e r  substantially fram the optimum core 
obtainable by varying diameters alone . 

V 
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b s 
(in.) (in.) 

0.195 0.375 
.315 .250 
.252 .250 
.310 .250 

Effect of plate and f in  spacings. - The design calculations 
showed that f o r  each spacing in  the air Bassage there is  a combi- 
nation of plate  spacings and fin transverse spacings in the gas 
passage that leads t o  the optimum core and that deviation fromthe 
proper spacings in  the gas passage can very substantially decrease 
performance. If the optlmum cores f o r  several values of air-passage 
plate spacings a re  compared, however, a useful resu l t  appears, as 
shown by the following data fo r  high-performanee cores: 

Specific t s f c  
wt. of (lb/ 
engine t hp -hr 1 
plus 
core 
( W t h P )  

2.55 0.436 
2.56 435 
2.58 * 434 
2.64 .431 

____ 

VR a 
(in. 1 

0.125 
.187E 
.250 
.375 

"he table  shows that air-passage plate  spacing is not cri t ical  
and tha t  for any reasonable value of t h i s  plate  spacing, a calcula- 
t i on  f o r  several gas-passage plate  and f i n  transverse spacings w i l l  
determine a combination that does not substantially diffei. from the 
opkimm perf omance obtainable with agy other reasonable air-passage 
plate  spacing. 
spacing is chosen as the independent parameter. 

This conclusion is also t rue  if the gas-passage plate  

Effect of r a t i o  of f i n  length before interruption t o  passage 
hydraulic diameter (h/d). - For interrupted f ins ,  it. is  of interest  
t o  ascertain whether an optimum interruption interval exists.  
following data are for  a spacing of 0.25 inch between plates  i n  both 
the a i r  and gas passages and f o r  a f i n  transverse spacing of 
0.25 inch: 

The 
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T)R h/d 

0050 0.50 
0.75 
1 
4 

I 

Specific w t .  
of engine 
plus core 

W t h P  1 
2.68 
2,59 
2.58 
2.70 

Altitude 
(ft 1 

30,000 ~ 0.459 

Cargo 
capacity 
( W t h P  1 

1.35 
1.84 
1.93 
1.91 

The optimum pexfomnanoe occurs at a A/d of 1 but the  deviation 
from optimum performance is very small f o r  values of h / d  
t o  w e l l  beyond unity; hence, f o r  values of h / d ,  greater than 0.75 
the precise value of the r a t i o  is  unimportant i n  load-range 
performance. 

from 0.75 

Effect of f i n  thickness, - An increase in  f i n  thickness increases 
the effectiveness of the f i n  f o r  heat conduction but increases core 
weight and pressure drop. It is  therefore of interest  t o  ascertain 
which effect  of' fin thickness dominates, The following &ita are  f o r  
an air-passage plate  spacing of 0.1875 Inch, a gas-passage plate  
spacing of 0.132 inch, and a f i n  transverse spacing of 0.25 inch. 
Other spacings show the same effect  of f i n  thickness. 

Specific w t  . t s f c  

plus core 

1.45 0 522 
1.51 .523 
1.62 526 

R 
( m i l e s )  

I 

Cargo 
capacity 
( W t h P  1 

1.03 
.96 
* e2 

The optimum performance resu l t s  fromthe thinnest f ins .  

The analysis of the design data f o r  the crossflow-plate and 
interrupted-fin regenerators indicates tha t  f o r  a warming effective- 
ness of 0.50 there is  a single best performance but no one optimum 
se t  of core dimensions. 
practical  f i n  thickness, a value of A/d of about 1, and a fin 
transverse spacing of about 0,ZS inch, any reasonably selected set 
of core diameters and air-passage plate spacings can be expected t o  

Thus, i f  a design incorporates the minimum. 
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-8 

T qR a b 6 tw L WR Specific tsfc VO R 
(in.) (in.) (in.) (in.) (in.) ( f t )  ( lb/(lb w t .  of 

generator 
( l b  /thP 

(1b/ (mph) (miles) 
thp-hr) 

(OF) 

air/sec)) 

1600 0.30 0.375 0.310 0.750 0.005 0.01 2.16 26.5 2.36 0.458 300 6000 
.50 .250 -252 .250 2.61 44.3 2.58 .434 
.75 ,125 .195 .075 3.50 110.3 3.23 .398 

t o  give very nearly best performance of the core type; the optimum 
gas-passage plate  spacing can be determined by assigning,a ser ies  
of values. 

G a g 0  
W P ~ -  
c i t y  
Ob/ 
thp  

1.25 
1.93 
1.97 

Effect of regenerator wa;rmlnsr, effectiveness. - The following 
table shows the effect  of increasing the regenerator warming effec- 
tiveness i n  an ef for t  t o  hcrease  the cargo gains from regenerationj 
the tabulated cores w e t h e  best of those designed a t  %he indicated 
warning effectiveness$ 

L 
( f t )  

2.27 
2.61 

A l t i -  
tude 
( f t )  

30,000 

WR Specific tsfc 
(lb/(lb 19%- of (1b/ 
air-sec)) Swine thp-k )  

plus re- 
generat or 
( lb/tlnp 

22.5 1.45 0.521 
44.3 2.58 .434 

A l t i -  
tude 
( f t  1 

m e  preceding table shows that  regenerator weight rap id ly  increases 
as the warming effectiveness increases and that  cargo capacity there- 
fore does not increase rapidly, regardless of the decrease in  fue l  
consumption; hence, no advantage resul ts  from designing f o r  an effec- 
tiveness beyond about 0.5. 

T q~ a b e  
(OF) (in.) (in.) (in.) 

Effect of alt i tude.  - The effect  af a l t i tude on the regenerator- . 
core dimensions and on load-range performance is shown in  the 
following table. The tabulated cores are the best of those designed 
f o r  an effectiveness of 0.50: 

30,000 

( in . )  ( in . )  

0.005 7 0.01 300 
- 6.17 
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WR 

( lb / ( lb  
air/sec)) 

36.0 
104.2 
214.0 

For constant warming effectiveness, core length increases and 
core weight nearly doubles as altitude increases f rom 0 to 30,000 feet. 
At sea level, the power loss due to pressure drop is 1.5 thrust 
horsepower per pound of air per second, divided equally between air 
and gas; at 30,000 feet the power loss is 2.5 thrust horsepower per 
pound of air per second, two-thirds of which results f 'rom gas pres- 
sure drop. 
doubled as the altitude increases from 0 to 30,000 feet. 

Thus, both weight and power loss are approximately 

Effect of combustion temperature. - Dimensions and weights of 
the optimum regenerator cores designed for a eonbustion tempera- 
ture of 2500° F are given in the following table: 

Specific t e f c  vo X Cargo 

plus re- ( lb /  

( lb/thp 

w t .  of (lb/ (mph) (dlesi)  CaPa- 
engine t h p - k )  c i t y  

generator thP) 

2.00 0.392 300 6000 3.30 
2.27 .372 3.41 
2.78 .354 3.27 

A l t i -  
tude 
( f t )  

30, OOC 

(in. 1 

?SO0 0.30 0.25 
.50 -25 i .75 .125 

b 
( in .  1 

3.435 
.252 
,195 - 

(in.) (ft  

~ 

The tabulated values show the sme general trends with warning 
effectiveness for combustion temperatures of 2500° and 1600' F. 
a constant warning effectiveness, the 2500O F core is heavier than 
the 1600° F core because the parent metal is increased from 0.01 to 
0.02 inch to accomodate the higher compressor pressure ratio at 
2500' F. 
core weights are therefore not proportional to the respective core 
lengths. 

For 

The fin thickness is, however, maintained constant and the 

Dimensions and weights of optbum regenerator cores. - The size 
and the weight of the optimum cores vary with warming effectiveness, 
altitude, combustion temperature, flight distance, and flight speed. 
For the crossflow-plate and interrupted-fin cores, the size and the 
weight of the optimum cores are not very sensitive to flight dis- 
tance, as shown in figures 12 and 13, or to flight speed. 
dimensions and the weights of the optimum crossflow-plate and 
interrupted-fin cores for altitudes, combustion temperatures, wamn- 
ing effectivenesses, and gains from regeneration shown in table I1 
are presented fn the following table: 

The 



30 

A l t i t u d e  
(ft) 

o 
30,000 

NACA TN 2254 

T 7~ a b 
(9) (in.) (in.) 

1600 0.50 o.ia75 0.132 
1600 0.30 0.375 0,310 

.50 .250 .252 
I 
2500 0.30 0.25 0.435 1 ,501 .25 1 ,252 

.75 .125 .195 1 

.75 .125 .195 

The  gains from. regeneration shown i n  table  I1 f o r  a regenerator 
warming effectiveness of 0.75. at sea level were calculated for 
counterflow-tubular regenerators having tubes of 3/8-inch inside 
divneter and 0.01-inch w a l l  thickness. The calculation of core 
weight and power loss due t o  pressure drops for these regenerators 
did not require a knowledge of over-all core dimensions, which were 
therefore not calculated. 
tubular core a t  sea level varied more with f l i g h t  distance than did 
the weight of the crossflow-plate and interrupted-fin core and ranged 
from 138 pounds per pound 09 air  per second f o r  a 3000-mile flight 
t o  165 pounds per pound of air per second f o r  a 6090-mile f l igh t .  

The weight of the optimum counterflow- 
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0.12 - -20 0.125 - .500 0.61 - 4.0 0-01 kz 
Altitud' 

30,000 : 0.125- -375 

0.125 - .375 

TABLE I - RANGES OF REGENERATOR-CORE PARAMETERS INVESTIGATED 

(a) Crossflow-plate and interrupted-fin cores (fig. 4). 

I , 
0.070- .50 0.125-1.00 0.61-4.0 

.070- e92 .125- -500 .5-4.0 

0.07 - -50 0.075 - .500 0.6 - 4.0 
0.07 - -50 0.125- 1.0 0.61- 4.0 0.02 
.070 - -92 -125 - .750 .5 - 4.0 
.07 - -50 A25 - .500 .61- 4.0 

6 

Altitude T qR 
(ft) ( O F )  

0 1600 0.50 

2500 0.30 32 

.75 

Core H a b s h/d t, 6 
I.D. (in.) (in.) (in.) (in.) ( in. (in. ) 
(in. 1 

15.8 -24.1 10.4 -16.2 0.25 0.25 0.25 144 -216 0.01 

6 
(in. 1 

1.005 - .O 

0.005 

0.005 

Altitude 1 (ft) ~ q:Oi%? 1::;: 1 (in*) ' 1 (in.) tw 1 'ID 1 
30,000 1600 0.30 37 6 - 27 0.125- .375 0.01 1.2-2.0 

(in.) (in.) 

.125 - .25 
(d) Counterflow-tubular cores (fig. 7). 
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0 to 1 Induction from free stream to compressor inlet 
* 1 to 2 Mechanical compression 
2 to 4 Combustion 
4 to 5 Expansion in turbine 
5 to 7 Expansion in exhaust nozzle 

Entropy . -  

Figure 1. - Unregenerative compressor-turbine cycle. 
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v 

Figure 2. - Re generative compressor - turbine -pr ope ller 

LNozzle 

power plant. 

R 
9 
rl 
cd 

EI 
Fi 

0 to 1 Induction from free stream to compressor inlet 
1 to 2 Mechanical compression 
2 to 3 Heat addition in regenerator 
3 to 4 Combustion 

5 to 6 Heat extraction in 

6 to 7 Expansion in exhaust 

4 to 5 Expansion in turbine 4 
regenerat or 

nozzle 

5 

1 
0 

Entropy =i$i&7 

Figure 3. - Regenerative compressor-turbine cycle. 
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I.... '\\ 
I i f  

(a) Assumed regenerator installation. 

t I 

(b) Flaw-passage arrangement in  segment 
of regenerator. 

Figure 4. - Crossflaw-plate and interrupted-fin regenerator with finned gas passages and 
smooth a i r  passages. 
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( 0 )  Flow-passage detail.  

(d) Fin detail  in  gas passage. 

passages and smooth a i r  passages. 
Figure 4. - Concluded. Crossf low-plate and interrupted-f in regenerator with finned gas 
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(a) Assumed regenerator installation. 

I I  

T 
A H 

(b) Flow-passage arrangement 
in segment of regenerator. 

(c) Flow-passage detail. 

Figure 5. - Crossflow-plate and uninterrupted-fin regenerator with f inmd air and 
gas passages. 
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Turbine 

_I_. 
(a )  Assumed regenerator installation. 

( c )  Tube detail .  

(b ) Tube arrangement. 

Figure 6. - Crossflow-tubular regenerator. 
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Figure 8. - Specific power, thrust specific fuel consump- 
tion, and specific weight of turbine-propeller englnes at 
various compressor pressure ratios and regenerator warm- 
ing effectivenesses. Flight speed, 300 miles per hour; 
regeneratbr pressure drops, 0. 

41 
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Compressor pressure ratio 

(b) Combustion temperature, 1600° F; altitude, 
30,000 feet .  

Figure 8. - Continued. Specific power, thrust specific fuel  consump- 
tion, and speciric weight of turbine-propeller engines a t  various 
compressor pressure ratios  and regenerator .warming effectivenesses. 
Flight speed, 300 miles per hour; regenerator pressure drops. 0. 
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3.0 

2.5 

2.0 

1.5 

.6 

.5 

.4 

.3 

260 

250 

240 

230 

220 

2 10 
6 10 14 18 22 26 30 34 38 42 46 50 

Compressor pressure  r a t i o  

( c )  Combustion temperature, 2500' F; a l t i t u d e ,  30,000 f ee t .  

Figure 8. - Concluded. Spec i f ic  power, t h r u s t  spec i f i c  f u e l  consumption, and spec i f i c  weight of 
tu rb ine-propel le r  engines a t  Various compressor pressure  r a t i o s  and regenera tor  warming e f f ec t ive -  
nesses.  F l igh t  speed, 300 miles per hour; regenera tor  pressure  drops, 0. 
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0 .02 .04 06 08 10 

Sum of air and gas pressure-drop ratios, 
(AP/P IC 

Figure 9 .  - Effect of regenerator pressure drops on 
spec i f ic  power and thrust specif1.c f u e l  consump- 
tion of regenerated turbine-propeller engine. 
Regenerator warming effect iveness ,  0.5; f l i g h t  
speed, 300 miles per hour. 
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a 
9 a 
r i  

; 
d 

c 
0 
d 
c.4 
d 
0 

a 
(0 

11 
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7 

6 

5 

4 

3 

2 

1 

0 

Thrust s p e c i f i c  f u e l  consumption, lb/thp-hr 

( c )  Altitude, 30,000 f ee t ;  combustion temperature, 2500' F. 

Figure 10. - Concluded. Specl f ic  weights and thrust s p e c i f i c  f u e l  con- 
sumptions of turbine-propeller engines with ideal regenerators of sev- 
eral  regenerator warming effect ivenesses  on load-range coordinates. 
Fl ight  speed, 300 miles  per hour. 
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3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

.5 

0 

Figure 11. - Variat ion of ga in  i n  cargo capaci ty  from i d e a l  regen- 
e r a t o r s  ( z e r o  weights and pressure drops)  a t  optimum compressor 
pressure  r a t i o  as compared w i t h  unregenerat ive opera t ion  a t  o p t i -  
mum compressor pressure  r a t i o s  for seve ra l  a l t i t u d e s ,  combustion 
temperatures ,  f l i g h t  speeds,  and regenera tor  w a r m i n g  e f fec t ive -  
ne s se s . 
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and in t e r rup ted  
f i n  ( f i g .  4) 
Crossflow p l a t e  
and u n i n t e r -  
rup ted  f i n  
(fig. 5 )  

( f i g .  7 )  
t ubu la r  

Regenerator parameters,  in .  
a, 0.1875; b ,  0.132; tw, 0.01; 8, 0.005; 

s, 0.125 t o  0.50 

0.005; s, 1/4 

tube I.D., 0.250; (AP/P)C, 0.005 to 0.05; 
core  O.D., var i ab le  t o  provide range of (AP/P)c 

Engines w i t h  ind ica t ed  
r egene ra to r s  -__- - Assignable t o  engine p lus  l- cargo 

Figure 12. - S p e c i f i c  weights and t h r u s t  s p e c i f i c  f u e l  consumptions of t u rb ine -p rope l l e r  
engines wi th  optimum s e r i e s  of t h r e e  types of r egene ra to r  core  on load-range co- 
ordinates .  A l t i t ude ,  sea l e v e l ;  combustion temperature,  1600O F; compressor p re s su re  
r a t i o ,  6; f l i g h t  speed, 300 mi le s  per hour; r egene ra to r  warming e f f ec t iveness ,  0.5. 
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_ _ _  
.75 

HACA TN 2254 

- 
.125 e195 ,075 - .5001 I 

.39 .40 .41 .42 .43 .44 .45 .46 .47 .48 .49 .50 

Thrust spec i f ic  fue l  consumption, lb/thp-?lr 

( a )  Combustion temperature, 1600' P; compressor pressure rat io ,  8.5.  

Figure 13. - Specific weight$ and thrust spec i f ic  fue l  consumptions of turbine-propeller engines 
with optimum ser ies  of crossflow-plate and interrupted-fin regenerators (fig. 4 )  of three 
regenerator rarming effectivenesses on load-range coordinates. Altitude, 30,000 f e e t ;  f l i g h t  
speed, 300 miles per hour. 



7 NACA T8 2254 51 

Thrust specif ic  fue l  consumption, lb/thp-hr 

( b )  Combustion temperature, 2500° F; compressor pressure rat io ,  22. 

Figure 13. - Concluded. Specific weights and thrust specif ic  f u e l  consumptions 
of turbine-propeller engines with optimum ser ies  of crossflow-plate and 
interrupted-fin regenerators ( f i g .  4 )  of three regenerator warming effect ive-  
nesses on load-range coordinates. Altitude, 30,000 f e e t ;  f l i g h t  speed, 
300 miles per hour. 
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)guided 

Figure 14. - Var ia t ion  of  heat-exchange effect iveness  with 
us/(wc, )guided f o r  various values of  (Wcp)guided /(*'p )mixed 
i n  a s ingle-pass  crossflow heat exchanger. 
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